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Abstract: Motor control deficits during aging have been well-documented. Various causes of neuromotor
decline, including both peripheral and central neurological deficits, have been hypothesized. Here, we
use a model of closed-loop sensorimotor control to examine the functional causes of motor control
deficits during aging. We recruited 14 subjects aged 19-61 years old to participate in a study in which
they performed single-joint compensatory and pursuit tracking tasks with their dominant hand. We
found that visual response delay and visual noise increased with age, while reliance on visual feedback,
especially during compensatory tracking decreased. Increases in visual noise were also positively
correlated with increases in movement error during a reach and hold task. The results suggest an
increase in noise within the visuomotor control system may contribute to the decline in motor
performance during early aging.
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SECTION I.

Introduction

Age-related decline in performance during sensorimotor tasks is a well-known
phenomenon. Older subjects tend to move more slowly, less accurately, with increased
variability,1 and have difficulty coordinating complex movements. Older subjects also
exhibit increased intermittency2 and increased reliance on visual feedback.3 Various
hypotheses have been proposed to explain why older subjects exhibit motor changes; these
include reduction in muscle force,4 increased muscle noise,5 deteriorated sensory feedback,
cognitive slowing, reduced white6,7 and grey7,8 matter, and altered movement goals.5

Here we examine movement performance during two types of task: compensatory
tracking, in which subjects correct for an applied perturbation, and pursuit tracking, in
which subjects follow a moving target. Previous research has shown that these two tasks
use different modes of control.9,10 Pursuit and compensatory tracking exhibit
specialization, with the left hemisphere (in right-handed subjects) specializing in
feedforward movement planning, while the right hemisphere monitors online control for
corrections to movement error.10 Examination of movement parameters during both types
of tasks therefore provides valuable insight into the control of movement during aging.

SECTION II.
Methods

A. Model Description

Sensorimotor control of I-D movement was modeled as a multi - input, single-output
linear system, which has previously been shown to approximate continuous, single-joint
movement.11,12 The model (Fig. 1) consisted of a feed-forward control path, two sensory
feedback pathways, and a forward model to compensate for sensory delays. Inputs to the
system consisted of desired position (𝜃𝜃d ) and an external perturbation (Dext ). Feedback of
actual limb position (𝜃𝜃a ) was summed with the external perturbation before being delayed
(Tv , Tp ) and weighted (K v , K p ). Uncertainty in sensory estimates of position was
characterized by separate visual (white) and proprioceptive (Pink) noise sources. Delays in
sensory feedback were compensated for using a forward model to generate a delayed
prediction of limb position. An inverse model (PID controller) generated corrective torques
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in response to instantaneous estimates of position error. A 2nd order model of dynamics
about the elbow was used to map the applied torques to changes in arm position.

B. Subjects

Fourteen healthy volunteers (10 female) aged 19–61 years (mean 37.6 ± 16.9
years) participated in compensatory and pursuit tracking tasks. Thirteen subjects were
right handed, according to the Edinburgh handedness inventory; one was ambidextrous.
Written informed consent was obtained from each subject in accordance with institutional
guidelines approved by the Marquette University Institutional Review Board.

C. Setup

Subjects performed a series of compensatory and pursuit tracking tasks about the
right elbow joint using a I-D robotic manipulandum. The goal of all tasks was to stabilize a
computer generated cursor on a visual target. During pursuit tracking, a perturbation (0–
10 Hz band-limited white noise) was applied to the target position. During compensatory
tracking, the cursor, rather than the target, was perturbed. In both cases, subjects were
asked to bring the cursor to the target as quickly and accurately as possible.

Figure 1. Multi-input, single output model of 1-d sensorimotor control of movement. The model is
characterized by fourteen free parameters including weighted and delayed sensory feedback, system
noise, and a compensatory forward model.

D. Task Description

Subjects participated in one, two-hour session consisting of four experiments
designed to characterize the model parameters. For the purposes of analysis, subjects were
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grouped into five age groups: 18– 25 (𝑁𝑁 = 4),26– 35 (𝑁𝑁 = 3), 36– 45 (𝑁𝑁 =
2),46– 55 (𝑁𝑁 = 1), 𝑎𝑎𝑎𝑎𝑎𝑎 56– 65 (𝑁𝑁 = 4).

1) Feedforward Motor Noise

Subjects performed 25 eight-second isometric elbow flexion trials, during which
they moved the cursor (under torque control) to capture a stationary displaced target. Five
trials were obtained at each of five different torque levels (2, 4, 6, 8, and 10 N-m). The
average within-trial standard deviation of each torque level was calculated from the last 5
seconds of torque data, during which the subjects' position and torque was constant. The
gain of the feedforward motor noise was calculated as the slope of the linear least-squares
fit of standard deviation vs. torque level.

2) Sensory Response Delays

In the second experiment, three separate tasks were used to estimate sensory
response delays. A continuous, low frequency (0–1Hz white noise), pseudorandom
perturbation was applied to either the cursor (visual compensation), target (visual
pursuit), or manipulandum (proprioceptive compensation) position. Ten 20-second trials
were collected for each condition. Sensory response delays were estimated from the visual
and proprioceptive compensatory tasks by finding the offset of the peak cross-correlation
between the perturbation and subjects'responses.
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Figure 2. Experimental setup. Subjects were seated facing a computer monitor and held a 1D
manipulandum with their right hand. During the tasks subjects used rotations about their elbow to bring
a cursor (red ring) to a target (black dot) as continuous perturbations were applied to the system.

3) Active Elbow Dynamics, Sensory Gains, Neural Controller Gains, and Sensory Noise

The third experiment consisted of two tasks (one pursuit, one compensatory), each
of which contained ten, 32-second trials. A high frequency (0–10Hz, filtered at 1 Hz with a
2nd order zero-phase Butterworth filter) pseudorandom perturbation was applied to either
the cursor or target position. Subjects were asked to bring the cursor to the target as
quickly and accurately as possible. For each set of trials, three separate frequency response
functions (FRF s) were calculated. Each FRF was calculated from the data on a trial-by-trial
basis, then all individual FRFs were averaged across trials. The first FRF related each
subjects' final position to their input torque and was used to characterize the passive
dynamics of the elbow joint. A 2nd-order model of wrist dynamics

(Eq. 1)

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =

1
𝐽𝐽𝑠𝑠 2 + 𝐵𝐵𝐵𝐵 + 𝐾𝐾
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where model parameters J, B, and K correspond to the moment of inertia, viscous damping,
and spring constant of the elbow joint, respectively, was fit to the FRF using the simplex
method.

A bootstrapping analysis was used to characterize the uncertainty in the leastsquares fit and compare parameter estimates between subjects. During the bootstrapping
analysis, data were resampled with replacement ten thousand times. Each resampled data
set was fit using randomized initial conditions, to obtain a distribution of estimates for each
parameter. The mean and standard deviation of the resulting distributions were calculated
for subsequent analysis.
The second FRF characterized the model transfer function relating the applied
perturbation (Dext for compensatory movements and 𝜃𝜃𝑑𝑑 for pursuit movements) and
subject's arm position, for stabilization (Eq. 2) and pursuit (Eq. 3) respectively. The FRFs
were fit using the same method described above.

𝜃𝜃𝑎𝑎

𝐾𝐾𝑣𝑣 𝑒𝑒 −𝑇𝑇𝑣𝑣𝑠𝑠 𝐶𝐶𝐶𝐶𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒
=
(Eq.2)
𝑠𝑠
+ 𝐶𝐶𝐶𝐶
𝑃𝑃
𝑒𝑒 −𝑇𝑇𝑣𝑣 𝑠𝑠 𝐶𝐶𝐶𝐶𝜃𝜃𝑑𝑑
(Eq.3)
𝜃𝜃𝑎𝑎 = 𝑠𝑠
+ 𝐶𝐶𝐶𝐶
𝑃𝑃

where P is the transfer function of the plant (Eq. 1) and C is the transfer function of the PID
controller (derivative gain: K d ; proportional gain: K 𝑃𝑃𝑃𝑃 ; integral gain. K i )

(Eq. 4)

𝐶𝐶 = 𝐾𝐾𝑑𝑑 𝑠𝑠 + 𝐾𝐾𝑝𝑝𝑝𝑝 +

𝐾𝐾𝑖𝑖
𝑠𝑠

We performed a simultaneous fit of the final FRF, which related the noise at the output of
the system to the desired position, to estimate Dv (the variance of additive white noise)
and Dp (the variance of additive l/f noise), constraining K v , K p K d , K pr “ and K i to be equal in
both fits.
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4) Movement Error

The final experiment characterized subjects' movement speed and steady-state
error during a reach-and-hold task. Subjects performed ten, 10-second trials during which
the target was randomly displaced to the left or the right of the subjects' midline over a
range of ±40 degrees. Subjects were instructed to center the cursor on the target as quickly
and accurately as possible.
For each target displacement, steady-state movement error was calculated as the
mean squared error of the movement after the subject had moved the hand to within 1.5
degrees of the desired target. Error was then averaged across all target displacements and
trials.

SECTION III.
Results

A. Feedforward Motor Noise

Feedforward motor noise did not increase significantly with age group ((r 2 =
0.16; p = 0.51). The gain of the motor noise across subjects was 0.035 ± 0.028 for the
youngest age group and 0.027 ± 0.011 for the oldest age group.

B. Sensory Response Delays

There was a trend toward increased visual response delay with age group (Fig. 3,
left) that fell just above the threshold for significance (r = 0.52; P = 0.068). However,
proprioceptive response delay showed no consistent variation with age (r = 0.047; p =
0.88), (Fig. 3, right).

C. Active Elbow Dynamics, Sensory Gains, Neural Controller Gains, Sensory
Noise

Average FRFs for compensatory and pursuit tasks differed across age groups. In
younger subjects (subjects < 45 years), FRFs for compensatory and pursuit tasks were
nearly identical (Fig. 4, left). In the oldest subjects (subjects> 55 years), the compensatory
response was attenuated compared to the pursuit response, while the pursuit response
was similar to that of the younger subjects (Fig. 4, right). Part of the attenuation in FRF
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during compensatory tracking of the visual perturbation was due to a significant decrease
in visual gain among subjects aged> 55 (t(12) = 5.13; P < 0_001).

Figure 3. Sensory response delay vs.age group. (L) Visual response delay. (R) Proprioceptive response
delay. Error bars denote standard deviation across subjects.

Figure 4. Average FRFacross younger (left; <45 years) and older (right; >55 years) subjects for pursuit
(black) and compensatory (grey) tracking. Error bars denote standard deviation across subjects.

During compensatory tracking, derivative, proportional, and integral gains of the
neural controller increased in subjects older than 55 (Fig. 5). During pursuit tracking,
controller gains remain constant across age groups. The change in controller parameters
with age during compensatory, but not pursuit, tasks, suggests that older subjects exhibit
more task differentiation than younger subjects. We also found that the variance in the
visual noise increased significantly with age group (r = 0.79;p = 0.0038) (Fig. 6, left), while
the variance in proprioceptive noise did not (r = −0.37;p = 0.21).

D. Movement Error

Mean endpoint error (compensatory error) during the reach and hold task increased
significantly with age (r = 0.61; p = .028). Endpoint error was positively correlated with
age-related changes in visual (r = 0.65;p = 0.030) (Fig. 7, right), but not proprioceptive
noise (r = 0.44;p = 0.13).
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SECTION IV.
Discussion

Here, we used systems identification techniques in the context of a 14-parameter
sensorimotor control model to examine the effects of aging on pursuit and compensatory
tracking. We found significant changes in how older subjects process visual feedback.
Specifically, visual processing delays increased with age, visual processing noise increased
with age and the weight placed on visual feedback decreased with age. Interestingly, visual
gain was similar for subject groups < 55, but exhibited a sharp decrease for subject
groups> 55. This may indicate an aging-related breakdown in the ability of the brain to
compensate for increased processing noise and larger delay times.

As visual feedback gain decreased, controller gains increased to achieve comparable
levels of error reduction to that of younger subjects. The increases in controller gains
during compensatory tracking could reflect deliberate changes in strategy on the part of
older subjects, who tend to move more slowly and with a greater focus on accuracy. In
particular, an increase in integral gain in the neural controller may indicate a greater focus
on endpoint error (which integral gain is meant to minimize) at the expense of movement
speed (derivative gain).

Figure 5. Controller gains vs. Age group. Derivative (left), proportional (middle), and integral (right)
gains during pursuit (black) and compensatory (grey) tasks. Error bars denote standard deviation.
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Figure 6. Variance of sensory noise. Internal visual (left) and proprioceptive (right) noise varience vs.
Age group. Error bars denote standard deviation.

Figure 7. Movement error. Steady-state error vs. Age (left) and variance of the subjects' internal visual
noise (right). Error bars denote standard deviation.

By contrast, we found no correlation between age and motor noise, proprioceptive
delay times, or proprioceptive noise. These results suggest that changes in the peripheral
nervous system are unlikely to be the cause of age-related changes in movement
performance.

Our results suggest that changes in visual feedback systems may underlie altered
task performance during early aging. This is supported by the fact that older subjects
exhibit the greatest changes in performance during compensatory and not pursuit tracking.
Pursuit tracking may rely more on open-loop control, minimizing the effects of noisy or
inaccurate visual feedback.

SECTION V.
Conclusion

Using systems identification with a sensorimotor control model of goal-directed
movement, we have shown that older subjects exhibit differences in neuromotor control
(relative to younger subjects) during compensatory - but not pursuit - tracking.
Additionally, early signs of aging in movement control may include degradation of the
visuomotor processing system, resulting in slower movement times, greater movement
error, and alterations in neural control strategy (e.g. altered controller gains).
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